The evolution of the accommodative function and development of ocular movement are evaluated in a non-clinical paediatric population (1056 subjects) aged 6-12 years, providing means for each age in the optometric tests that evaluate the accommodative amplitude, accommodative facility, accommodative response (lag), and saccadic movements. A comparison of these values between ages (ANOVA ANOVA) established three distinct trends in the behaviour of these parameters. The accommodative amplitude, measured by modified dynamic retinoscopy, and the evaluation of the saccadic movements by the development of ocular movements [developmental eye movement (DEM)] test showed continuous change with age. The values for monocular and binocular accommodative facility, measured by ±2.00 D flippers, indicated the need to divide the population into two age groups (6-7 and 8-12 years). Finally, the means of accommodative response, measured by monocular estimation model (MEM) retinoscopy, and the direct observation of saccadic movement revealed no significant differences between ages, establishing a single mean reference value for the age group studied.
Introduction
Visual screening for school children is highly developed but most eye tests are directed at detecting diminished visual acuity caused by refractive errors, giving less emphasis to visual parameters related to binocularity (Nussenblatt, 1984) . Clearly, for a more reliable examination or screening, a more comprehensive range of tests, both accommodative and oculomotor (Bailey, 1998) should be included and carried out by expert optometrists, as recommended by Blum et al. (1959) . This is particularly important because of the high incidence of these problems, especially in school-age children, and their effect on visual comfort and academic performance.
Despite the attention currently being placed on binocular anomalies as well as accommodative and oculomotor dysfunction, reliable and comparable data are unavailable for the general population because of divergent methodologies and the experimental designs of the studies published to date. Bennet et al. (1982) noted the scarcity of such data and proposed the need for more rigorous experimental studies. The few works available disagree in diagnostic definitions (Daum, 1983; Hokoda, 1985; Macfarlane et al., 1987; Pe´rez et al., 2000) , or are conducted only for certain accommodative and binocular anomalies (Rouse et al., 1996 cited in Hayes et al., 1998 Borsting et al., 1999) or in not exclusively paediatric populations (Dwyer and Wick, 1995; Porcar and Martı´nez Palomera, 1997; Lara et al., 2001) . Only one work is available on a paediatric population , but in English speakers rather than Spanish.
The first disadvantage in this field is the absence of literature providing values for assessing the evolution of the binocular state in a subject belonging to an unselected paediatric population. As mentioned above, only have collected such data in a paediatric study. The American Optometric Association (1994) clearly suggests that the diagnosis and treatment of alterations of accommodation and binocular vision should be a priority aim for the entire paediatric population, but for this it is necessary to know the normal results of various eye tests at different ages in order to classify an individual child as normal or abnormal.
A review of the development of the physiological ocular functions reveals that accommodation usually appears at the age of 6 months (Braddick et al., 1979) , but, as the evaluation of accommodative ability in children requires special techniques (measuring not only accommodation amplitude but also accommodative facility and response), these parameters are often not evaluated nor assigned the clinical importance they deserve (Banks, 1980) .
Values for accommodative amplitude according to age have been reported (Hofstetter, 1944; Beers and Van der Heijde, 1996; Rutstein and Daum, 1998) , although subjects younger than 8 years were not included in these studies.
With respect to accommodative facility, mean values for this parameter have been provided for populations ranging widely in age (Burge, 1979) , in subjects of ages over 6 years (Hennessey et al., 1984; Jackson and Goss, 1991; Rouse et al., 1991) as well as in a limited age interval (5-7 years; Kulp and Schmidt, 1996) . For subjects of 12 years of age or younger, mean values were established (Scheiman et al., 1988) for a paediatric population (children attending a clinic), these values being lower than in adolescents, although approximately 30% of the children aged 6 and 7 years were not able to complete the examination.
The accommodative response (accommodation lag or lead) has also been documented (Nott, 1925; Tait, 1929) , highlighting its relationship to accommodative and binocular function (Sheard, 1922; Pomeranz, 1964) as well as to the origin of myopic refractive error (McBrien and Millodot, 1986; . The accommodative response has not been shown to be related to age, although the previous studies varied in the age range tested (Jackson and Goss, 1991) and their methodology Jackson and Goss, 1991; Leat and Gargon, 1996) . One study was made on an English-speaking paediatric population .
Control of eye movements is an important parameter directly related to reading and other scholarly activities (Garzia et al., 1990; Maples and Ficklin, 1990; Bassou et al., 1992; Cornelissen et al., 1992; Crawford and Higham, 2001 ). Although our study deals with nondyslexic children, visual and visual-motor problems strongly correlate with subtypes of specific reading disability (Biscaldi et al., 1998) . Although reading also involves other processes (Grisham and Simon, 1986; Solan and Ciner, 1989) , it is useful to incorporate a quantitative observation of saccadic movements in the basic eye examination of the child. A test designed to evaluate saccades as used in reading is the developmental eye movement (DEM) test to differentiate subjects with dysfunctions in eye-movement control from those with speech deficient verbal automaticity (Richman and Garzia, 1987) . As it is a visual-verbal test and takes into account the response time, the language used will influence the final results. The normal values given by Garzia et al. in 1990 were for a population of English speakers, while Ferna´ndez-Vela´zquez and Ferna´ndez-Fidalgo (1995) provide mean reference values for a population of Spanish speakers, significant differences between the two groups appearing only at age 6.
In view of the foregoing studies, we examined a normal paediatric population to establish the changes with age of various parameters that can be evaluated directly, including the accommodative function (accommodative response, accommodative facility and accommodative amplitude) as well as ocular movements (direct observation of saccades and the DEM test). The aim of this work is to analyse the evolution of these parameters, providing mean values for a large normal population which can be used as a reference against which to classify subjects having accommodative or oculomotor dysfunctions.
Materials and methods
Using the criterion of authority as the non-probabilistic selection method (Silva, 1993) , three elementary schools in the city of Granada (Spain) were chosen, having similar socio-cultural levels and the same range of ages. Once the present work was approved by the school administration and the parent-teacher organizations of the two schools, an invitation letter was provided for each student detailing the objectives, such as the detection and measurement of possible defects in refraction and the testing of certain visual parameters possibly related to scholarly performance.
For a total sample of 1167 subjects, authorization in writing was requested from the parents. Some 7.9% of the subjects (92) failed to provide authorization without giving a reason. Thus, the resulting sample was 1075 subjects. Of these, 1.6% (19) did not complete the examination: 12 were in special education programmes and were unable to take subjective tests; one presented corneal opacity; and six revealed suppression in the Worth test for far vision and a distance of 40 cm. The rest of the subjects, 90.5% (1056), voluntarily participated in the study.
The final sample of 1056 Spanish-speaking subjects (498 females and 558 males) aged from 6 to 12 years were, at the time of the test, studying in the first to the sixth grades in the public elementary schools ÔSierra ElviraÕ, ÔSierra NevadaÕ and ÔFuentenuevaÕ of Granada (Spain). This sample, both as a whole as well as each of its subgroups, can be considered representative, given that the subjects shared the same socio-cultural, ethnic, environmental and temporal backgrounds.
The data were collected from March to June 2000 and October to June 2001 in the respective schools during school hours and in the rooms designated for this purpose. Once the subject had been compensated for possible ametropia, evaluated by static retinoscopy, they each underwent a visual examination consisting of a battery of tests to evaluate the accommodative and oculomotor system.
The following tests were conducted on the study population:
Evaluation of accommodative parameters
The accommodative response (accommodative lag or lead) was measured by MEM retinoscopy at a distance of 40 cm using convergent or divergent lenses until neutralizing the reflex found in the horizontal meridian while the subject read a test close-up with 20/30 letters (Locke and Somers, 1989; Gallaway and Scheiman, 1990; Scheiman and Wick, 1996; Borra´s et al., 1997) .
Measurement of binocular accommodative facility with antisuppression control, using Bernell test no. 9 at a distance of 40 cm, polarized glasses, and ±2.00 flippers was made. For the monocular measurement, the test was administered without polarized glasses and with the non-viewing eye occluded (Scheiman and Wick, 1996) . Binocular-accommodative amplitude was measured by a modified dynamic retinoscopy technique, varying the subject-retinoscope distance until appreciating an abrupt change in the direction of the retinoscopic reflection. The reciprocal of this distance expressed in metres is the resulting accommodative amplitude in dioptres. Afterwards, the monocular measurement was made using an occluder for the fellow eye (Rutstein et al., 1993; Leat, 1996; .
Evaluation of saccadic movements
The evaluation of saccades is advisable in school-age children, as reading requires these movements alternating with fixation. Children with problems in this regard present reading difficulties. For the evaluation of saccades, direct observation precedes technical evaluation (Scheiman and Wick, 1996; Maples and Ficklin, 1988) . This approach has the advantage of being quick and easy but has the disadvantage of not corresponding to the ocular movements used during reading, as only the large amplitude saccadic movements are evaluated. Nevertheless, we believe that it is useful, because the child who shows difficulties with direct saccadic observation is also likely to show poor performance in other tests of small-amplitude saccades. For this direct observation, the subject was presented with two fixation points situated 40 cm away and 10 cm apart. The subject was instructed to look from one point to the other some 10 times. Scoring depended on the precision of the fixation movement of the eye: 4 ¼ smooth and precise; 3 ¼ slight undershooting; 2 ¼ pronounced undershooting or increased latency; 1 ¼ inability to perform the task.
Another test used to evaluate the saccadic movements is the DEM test (Garzia et al., 1990) . With this test of visual-verbal control, the small-amplitude saccadic movements were scored during reading (Garzia et al., 1990; Navarro, 1995; Kulp and Schmidt, 1996) . In the near test, the pre-test was used to verify that the subject knew the numbers. Next, we explained how to take the tests (tests A and B have vertical columns of numbers to be read, and these are horizontal in test C), not permitting head movements nor following the test with the finger. The subjects were instructed to read these numbers aloud as fast as they could. The number of errors (distinguishing between skipping, substitution, addition and transposition) and the time taken to complete the vertical and horizontal subtests of the DEM were recorded (Garzia et al., 1990) .
All tests were administered consistently by the same optometrist to avoid variability between examiners. The illumination of the far-vision tests was controlled in such a way that the mean luminance levels was in the photopic range (102.9 cd m )2 ), close to the mean of the range recommended by the Commission Internationale de L'Eclairage (CIE) (85 cd m )2 ), providing retinal illumination conditions in which visual acuity is stabilized. In the near-vision tests, the mean luminance was 129.4 cd m )2 , measured by a Topcon model SR-1 radiospectrometer (Topcon American Corp., Paramus, NJ, USA).
The data were analysed by the statistical package SPSS 9.0 (SPSS, Chicago, IL, USA).
Results
In the general group of the sample all variables displayed a normal Gaussian distribution after having in each case applied the Smirnov-Kolmogorov goodness-of-fit test, indicating that the sample was homogeneous and useful for the interests of the study.
The statistical analyses of the data gathered in the optometric examinations were designed to determine the evolution of the parameters representing the state of the accommodative and oculomotor systems, according to the age of the subjects. The first step was to divide the overall sample into age groups, for which the 1056 subjects tested were assigned to seven groups corresponding to ages 6-12 years ( Table 1) .
The mean and standard deviation were calculated for each variable. To confirm whether the mean of the variables, calculated for each subgroup, could be Evolution of ocular movements in children: R. Jiménez et al. 99 considered different, a null hypothesis was tested: analysis of variance (ANOVA ANOVA) was carried out for a significance level of 0.05 or less. The F distribution values of Fischer-Snedecor are shown in the tables. If the difference proved significant, it would be useful to identify the samples corresponding to this significance. For this, we performed a multiple comparison of the mean of the variables for the different age groups, using the Bonferroni test, which is based on one-by-one comparisons of the characteristics of the different subgroups; that is, the comparison of two means tested the null hypothesis to an error of a/K, K being the hypothesis tests (one for each characteristic), when we wished to attain an overall error £ a.
The use of this method is justified by its validity under any circumstance (in our case, the sample sizes of the different subgroups were dissimilar), and it is the most conservative multiple-comparison method, as it guarantees an overall error of 5% or less, as opposed to other methods.
The mean and standard deviation for each variable in each age group, are shown in Table 1 (accommodative tests) and Table 2 (oculomotor tests). The means calculated for the various parameters in the seven age groups were compared by variance analysis (ANOVA ANOVA) at 95% confidence level (Table 3) . Although all the parameters studied, except for saccade values established by direct observation, differed significantly between at least two age groups, it was not always appropriate to divide the group by age to determine every reference value. On 2.6 ± 1.8 3.0 ± 1.9 3.6 ± 2.1 4.4 ± 2.7 4.3 ± 2.7 3.8 ± 2.4 5.2 ± 2.9 MAF (cpm) 5.9 ± 2.7 6.3 ± 2.6 7.1 ± 3.3 8.0 ± 3.5 7.2 ± 3.6 7.0 ± 3.4 8.6 ± 3.6 MAL, Monocular accomodative lag; BAA, binocular-accommodative amplitude; MAA, monocular-accommodative amplitude; BAF, binocularaccommodative facility; MAF, monocular-accommodative facility; D, Dioptres; cpm, cycles per minute. occasions, this inequality for a certain age group proved difficult to interpret because it demonstrated no consistent trend with age. In addition, not all the statistically significant results could be considered optometrically significant. At times, either for the measuring method, or for the type of population studied, the discrepancies in the repetition of the measurements, were greater than that found between age groups. In other tests, the instrumental error was greater than the differences between ages, and therefore it would be useless to give values so close together that they could not be measured by the methods recommended. Thus, we conducted the analysis parameter by parameter in order to justify both statistically and optometrically the establishment of different categories. With respect to accommodative lag (Table 1) , although the mean differed between groups according to the ANOVA ANOVA (Table 3 ) there was no evident or optometrically explainable trend. It would not be possible to determine significant differences between age groups in practice, given that the variation of this parameter was less than the instrumental error of the MEM retinoscopy technique.
Parameters that did show the advantage of dividing the sample into age groups were the monocular and binocular accommodative facility (Table 4) .
Special mention should be made of parameters previously reported in the literature to be a function of the subject's age, such as the accommodative amplitude, and saccades measured by DEM. For these, it is necessary to give representative means for each age group (Tables 1  and 2 ). The overall analysis of the results should finally establish means for accommodative amplitude, but, because the trend of the values for these parameters was continuous and progressively decreased with the age, this evolution was expressed by a linear regression equation, following Hofstetter (1944) For the monocular measurements of the parameters, no significant difference between the values for the two eyes was found. The DEM test revealed a continuous evolution over time and thus it was necessary to establish means for each age group ( Table 2) . In our study, the adjusted mean times were calculated according to the formulae of Garzia et al. (1990) : that is, the time to complete the vertical task was recorded, and, as errors were infrequent under these conditions, they were not considered in data analysis. The number of errors was important only under the horizontal test conditions and the total numbers of errors represented the error score. The occurrence of omission and addition errors altered the actual number of digits read, and, to correct this, an adjusted horizontal score was generated when these errors occurred, as in Pierce (1972) . The means for vertical and adjusted horizontal time are shown in Table 2 for all the age groups.
Ratio scores were determined by calculating the ratio of the horizontal adjusted time to the vertical time. These values, as well as the errors, appear in Table 2 .
Discussion
The results for the different age groups revealed three trends in the evolution of the parameters analysed:
First, some parameters did not vary significantly with age, and therefore the need to give the different ranges of values for the different ages was not justified. These were the accommodative lag (MEM retinoscopy), and evaluation of saccades observed directly.
Secondly, other variables (such as binocular and monocular accommodation facility) clearly increased over the years up to a certain age and then stabilized, from which we derived the means to determine the age subgroups.
Thirdly and finally, the parameters that changed continuously and progressively were accommodative amplitude and the DEM test score.
With respect to accommodative response (MEM retinoscopy) that followed the first trend, we found slight statistical differences between our means for each age, but these proved insignificant in practice, because these differences between groups were less than the Scheiman and Wick (1996) . On comparing our work with that of others for groups of equivalent age (Table 5) , it can be seen that the means did not differ significantly, and it can be confirmed that whatever the methodology used in a young clinic population, this parameter does not vary with age. Another parameter that did not differ significantly between ages, and for which a mean could be established for the entire population, was the direct observation of saccades. A recent study by Maples and Ficklin (1988) showed that the subjective scales used for evaluating these ocular movements are reliable and repeatable, and that any values lower than an evaluation of 3+ , suggest a problem in oculomotor function. The mean in the present study was precisely 3 + 0.
Accommodative facility (monocular and binocular) is a parameter that both in the statistical results and in optometric judgement itself, presents different values for varying ages. The measurement of the ability to adapt to changes in accommodation is important, because, according to Ritty et al. (1993) , 21.1% of a student's time is spent changing between far to near vision, as opposed to 54.2% needed for near tasks and 24.7% for far tasks.
Tables 6 and 7 present the measurements for the binocular and monocular accommodative facility in comparison with those of other authors. The study of Kulp and Schmidt (1996) , revealed a relationship between the value for binocular-accommodative facility and reading ability. Although the means are not comparable with this study for the age interval studied, the same increasing trend is apparent. This may be because, according to these authors, with age most scholarly activities require fast repetitive changes in accommodation associated with rapid changes in vergence in order to observe objects that are far away (blackboard) and near (textbooks). For this reason, different means for binocular-accommodative facility appeared in our population after 8 years of age. At this age (2nd grade of primary school in our educational system), the child generally, quickly recognizes and interprets texts, while in the first years of school (6-7 years of age) more time is needed, and therefore a lower number of cycles per minute is required (less accommodative and fusion facility) than when older, as indicated by Ritty et al. (1993) . Other authors, such as Burge (1979 ) Hennessey et al. (1984 , Jackson and Goss (1991) and Rouse et al. (1991) , established a common mean for their population, finding no difference in the values given for the different ages. Nevertheless, Scheiman et al. (1988) reported means for the three age groups (6, 7 and 8-12), stating that means for both monocular and binocular accommodative facility were less than expected for the adult population. Although in their study some 53% of the children failed the test with 7 cpm as the cut-off value (a level habitually applied to adults), these authors question the validity of the measurements made in children younger than 8 years of age, as this was a subjective technique. In addition, some 30% of the children 6 and 7 years of age could not finish a cycle. The measurements found in our work for binocular accommodative facility are comparable with those provided by Scheiman et al. (1988) , as the age range studied is similar in both studies (Table 6 ). Unlike this earlier study, the present study establishes only two age groups (6-7 years and 8-12 years) whose means are slightly lower, although it should be noted that for the age group of 6-7 years, the standard deviation ( ±1.8) is lower than reported by the above researchers ( ±2.5). Similarly, Kulp and Schmidt (1996) , for children of 6-7 years, found means slightly higher than the present study, this being attributable to the difference in time used in the method (30 s), implying less fatigue while taking the test.
With respect to the monocular accommodative facility (Table 7) , the results are slightly higher than those of Scheiman et al. (1988) , and, as with the binocular accommodative facility, we established only two age groups (6-7 years and 8-12 years). These minor differences in the means found by Scheiman et al. (1988) and ourselves might arise from the fact that we screened out subjects with pathology and suppression.
As indicated by , the monocular is greater than binocular accommodative facility because, in the evaluation of the latter, both accommodation and vergence interact, and therefore it is not a pure measurement of accommodative facility. These authors recommend the use of the monocular test for diagnosis.
It has been well established that accommodative amplitude varies with age. Several authors (Donders, 1864; Duane, 1912; Hofstetter, 1944) have published means for this parameter using the push-up method, which serves as the standard optometric method used to calculate the addition of positive spherical lenses for near vision in older subjects and to help diagnose accommodative dysfunctions. Other authors have proposed general equations to find the expected value of accommodation amplitude according to age (Table 8) . Thus, Hofstetter (1950) , on the basis of the values of Duane and Donders, proposed a general formula for this parameter, although he did not provide values for children younger than 8 years of age. Beers and van der (1996) formulated an equation that establishes the maximum monocular-accommodative amplitude (MMA) expected on the basis of age (Table 8) , but in a small number of individuals with an age range of 15-55 years. Chen et al. (2000) studied the change in accommodative amplitude in small children, using a modified Donders method of approximation and found that after 2 years of age, monocular amplitude decreases in a similar way, and that after 5 years this parameter declines more rapidly, while differences in the two means (monocular and binocular accommodation) augment progressively with age. These authors established a formula for the relationship between monocular-accommodative amplitude and age ( Table 8) . Rosenfield and Cohen (1996) , suggested however, that all these studies used methods which were inappropriate, particularly with uncooperative or inexperienced subjects, such as children, because of the subjective factor in the measurement. Therefore, these authors recommend the use of a modified objective technique of dynamic retinoscopy, suggesting it will show greater reliability because of its objective nature (Edwards and Llewellyn, 1993; Rosenfield and Cohen, 1996; Borra´s et al., 1997) . In the literature consulted, there appear to be no mean population reference values for this technique. A study by Rutstein et al. (1993) compared the results from subjective and objective methods, for a sample of 57 subjects of 6-35 years old, and found that the difference between the mean established by the modified dynamic retinoscope and that found by push-up, depended on the age of the subject. In the 29 subjects younger than 12 years, the mean difference was 1.73 D, the value for modified dynamic retinoscopy being higher, while in the 28 individuals older than 12 years of age the mean difference in the values for both techniques was 3.74 D.
With all of these precedents, and given that in the literature no mean was found for children or for the modified technique of dynamic retinoscopy, an equation was sought to provide the relationship between the values in our work and age of the sample studied. In our study, the accommodative amplitude from 6-year-old was fit to a linear regression model in Table 8 .
As shown in Table 8 , despite the fact that our age range was lower than in the Hofstetter (1944) study, the values found in the present study reflect a loss in binocular-accommodative amplitude over the years, with a slope very similar to that described by Hofstetter (1944) . It was also similar to that found by Chen et al. (2000) for the binocular-accommodative amplitude in children of 1-17 years of age, these authors observing that, from 5 years on, the monocular accommodative amplitude decreases at a faster rate than does the binocular rate.
Finally, with respect to the DEM test, as indicated by Regan (1981) , the rapid, repetitive serial responses required by a visual-verbal saccade test are a direct measure of automaticity. In our case, the reduction of the time taken for this test over the age period studied is a consequence of the greater automaticity shown by the older children in recognizing and identifying the numbers. However, this fact is not so influential in the variation of the ratio, as this is calculated taking into account the vertical time as well as the horizontal, and therefore the effect of automaticity in identifying the numbers becomes balanced. Hence, the decreased time with age may be because of the fact that, although the child improves and develops with the years, the child's saccadic tone is controlled by an integrating neural process, as discussed by Man˜o´s (1998) , and a significant difference from the mean of the ratio indicates an oculomotor problem. Figures 1 and 2 show that the present study identified no significant differences in the means for the adjusted vertical and horizontal times for 6-year-old Spanish children compared with English children of the same age studied by Garzia et al. (1990) . By contrast, the work of Ferna´ndez- Vela´zquez and Ferna´ndez-Fidalgo (1995) , had shown the time for these children to be significantly slower. Therefore, the reference values given in Garzia et al. (1990) are similar to the child population studied here and thus can be used to identify Spanish-speaking children with oculomotor anomalies.
The ratio (between the adjusted horizontal time and vertical time), as indicated by Garzia et al. (1990) represents a comparison between the vertical response levels (automaticity) and the horizontal response levels (automaticity, ocular fixation and saccades). Ratio values significantly higher than expected suggest serious difficulty in oculomotor control when the horizontal movements of the eyes are exercised. In Garzia et al. (1990) and Ferna´ndez-Vela´zquez and Ferna´ndez-Fidalgo (1995) , this effect of the oculomotor component is more pronounced between age 6 and 8 (ratios significantly higher) than at other ages. In the present study (Figure 3 ), these differences were smaller, and the decline in the ratio more gradual at these ages, reaching practically the same value at 10 years of age as that reported by Garzia et al. (1990) .
Conclusions
1. In the present work, we analysed the evolution of the different parameters used to evaluate accommodative function and ocular movements of subjects 6-12 years of age, belonging to a non-clinical school population.
With respect to accommodative function:
(a) The accommodative amplitude showed a continual evolution with age.
(b) The accommodative response (lag) showed no change over the age range tested.
(c) The accommodative facility (monocular and binocular) presented different values for two different age groups (6-7 years and 8-12 years).
(d) All of these results can be used as reference values to differentiate subjects with and without accommodative dysfunctions.
3. With respect to development of ocular movements: (a) The direct observation of saccadic movements revealed no significant differences between ages.
(b) The DEM test was used for Spanish-speaking children, and the means found as reference values in our population were quite similar to those previously reported by Garzia et al. (1990) .
